Introduction {#Sec1}
============

Fractures are reported to be the second most common findings in child abuse, after skin lesions such as bruises and contusions \[[@CR39], [@CR47]\]. Fractures resulting from physical violence can be found throughout the whole skeleton; they are likely to be multiple and can show diverse stadia of consolidation \[[@CR21], [@CR37], [@CR53], [@CR71]\]. In the majority of cases, no external physical findings, e.g. bruises or haematomas, are present \[[@CR42], [@CR66]\].

In the USA, approximately 10% of children under the age of 5 years visit the emergency department (ED) as a result of non-accidental injuries \[[@CR22]\]. In children evaluated in the ED on suspicion of child abuse, over 30% appears to have fresh or healing fractures \[[@CR23]\]. In a study on deceased children between the ages of 1 and 15 years (average, 3.9 years) of air force personnel in the USA, it was found that 55% of these children had been seen by a physician as a result of physical trauma in the month prior to their demise \[[@CR38]\]. In a retrospective case based analysis of 435 child abuse victims, Carthy and Pierce found that in 51 children (11.7%), the diagnosis of child abuse could have been made at their first presentation at a hospital \[[@CR9]\]. Of these 51 children, six (12%) died and ten (20%) survived with handicap.

Fractures in children, besides being a sign of child abuse, are a relatively common finding. In a large retrospective study in 8,642 children, the reported chance to sustain a fracture between birth and the age of 16 was 42% for boys and 27% for girls, i.e. an average 2.1% chance for a child to sustain one fracture per year \[[@CR35]\]. These findings are in keeping with a similar study on fractures \[[@CR71]\].

The fact that fractures on the one hand are a sign of child abuse but on the other hand are a quite common result of accidental trauma means that it is essential that the interpretation of the type and location of a fracture, seen in the light of the clinical anamnesis, is done by an experienced and trained (paediatric) radiologist \[[@CR34], [@CR36]\].

In this paper, we will discuss the radiological work-up in case of suspected child abuse and the main radiological findings indicative of child abuse. We will first address the different imaging techniques and then aspects of fractures (localisation, type, dating and differential diagnosis) that should be evaluated when considering the diagnosis of child abuse. As radiology deals with signs of physical child abuse child abuse should throughout the text be read as physical child abuse.

Imaging techniques {#Sec2}
==================

Conventional radiography {#Sec3}
------------------------

Conventional radiography has historically been and, to date, continuous to be the mainstay in radiological imaging of suspected child abuse, both in identifying new cases of possible child abuse, where an incidental finding on a radiograph can be the first sign of child abuse, as well as in the work-up of cases of suspected child abuse. In the latter, a skeletal survey, a systematically performed series of radiographic images that encompasses the entire skeleton, is a routine part of the work-up procedure in children under the age of 2 years \[[@CR3]\]. In these cases, the skeletal survey should consist of a complete depiction of each anatomic region on separate radiographs. International guidelines for the skeletal survey have been published by the American College of Radiology (ACR) as well as the Royal College of Radiologists and the Royal College of Paediatrics and Child Health (RCR and RCPCH) (Table [1](#Tab1){ref-type="table"}) \[[@CR2], [@CR65]\]. The main difference between these two guidelines is the addition of oblique chest radiographs in the RCR and RCPCH guideline. It has been shown that implementation of oblique chest radiographs increased the sensitivity for the detection of rib fractures by 17% (95%CI 2--36%) and the specificity by 7% (95%CI 2--13%) \[[@CR24]\]. According to both protocols, a full skeletal survey consists of at least 20 radiographs. In our tertiary referral centre, where we review skeletal surveys in case of suspected child abuse, we have observed that it is quite common to perform an incomplete skeletal survey \[[@CR67]\]. From this study, it was not clear if this is due to unfamiliarity with the international guidelines or fear for radiation dose. Especially when child abuse is part of the differential diagnosis, a thorough work-up is essential. Both making the diagnosis and missing the diagnosis can have enormous consequences for the lives of these children. Table 1Imaging guidelines for skeletal survey in suspected child abuse \[[@CR3], [@CR65]\]ACRRCR and RCPCHThorax (AP and lateral), to include ribs,^a^ thoracic and upper lumbar spineAP thorax, *right and left oblique*^b^ views of the ribsPelvis (AP), to include the mid lumbar spinePelvis (AP)Lumbosacral spine (lateral)Lumbosacral spine (lateral)Cervical spine (AP and lateral)Cervical spine (*lateral*)Skull (frontal and lateral), additional views if needed---oblique or Towne viewSkull (frontal and lateral), Towne view if occipital injury suspectedHumeri (AP)Humeri (AP)^c^Forearms (AP)Forearms (AP)Hands (PA)Hands (PA)Femora (AP)Femora (*AP*)Lower legs (AP)Lower legs (AP)Feet (PA) or (AP)Feet (AP)^a^Oblique views recommended, but not routine^b^In 'italics' is the difference between guidelines^c^Lateral coned views of the elbows, wrists, knees and ankles may demonstrate metaphyseal injuries in greater detail. The consultant radiologist should decide this, at the time of checking the films with radiographers

In case of equivocal findings, the use of a repeat skeletal survey, in which case the skull should be excluded as fractures of the skull do not show callus formation, after 14 days, has shown to increase sensitivity and specificity. In a prospective study, additional information regarding skeletal trauma was obtained in 22 of 48 patients \[[@CR75]\]. In two cases, the repeat skeletal survey exam influenced the diagnosis, and a definite diagnosis of child abuse could be made. In a retrospective study in 23 children, follow-up exams yielded additional information in 14 children \[[@CR32]\].

An issue not specifically addressed in the guidelines is the matter of how to deal with young siblings of abused children. In a study in 795 siblings of abused children, it has been shown that, in 37% of the children, maltreatment was not limited to the abused child but directed to all siblings; in 20% of the children, the abuse was specifically was directed at some but not all siblings \[[@CR20]\]. These figures have made us decide that, in our hospital, siblings of abused children under the age of 2 years are routinely assessed for signs of child abuse in line with the international guideline cut-off age for skeletal survey (Fig. [1a](#Fig1){ref-type="fig"}). Fig. 1**a** A 7-month-old child in whose twin rib fractures were seen on a chest radiograph (see **b**). Based on that finding, a full skeletal survey was performed on this child and rib fractures (*arrows*) were found. **b** A 7-month-old child with persistent signs of pneumonia. On a chest radiograph, performed to rule out pneumonia, incidental rib fractures (*arrows*) were found

Bone scintigraphy {#Sec4}
-----------------

In several countries, bone scintigraphy is used in cases of suspected child abuse. A meta-analysis found that although bone scintigraphy had a higher diagnostic yield in more anatomical complex locations, such as the pelvis and feet, it was less sensitive for classic metaphyseal lesions (CML) \[[@CR11], [@CR19], [@CR26], [@CR48], [@CR62]\]. The latter has been shown by Mandelstam et al. \[[@CR40]\], who, in 20 CMLs detected on conventional radiography, only seven showed increased uptake on the bone scintigraphy.

In the ACR appropriateness criteria, no consensus on the use of bone scintigraphy was reached by the expert panel. In the comments, it is stated: 'Indicated when a clinical suspicion of abuse remains high and documentation is still necessary' \[[@CR57]\].

A drawback of bone scintigraphy is that not many departments have experience with (this technique in) children; this also means that the experience in reading these studies will be insufficient, thus limiting the applicability. Another relative drawback is the radiation dose involved in this study, which is significantly higher compared to the conventional skeletal survey (3 mSv compared to 0.16 mSv effective dose) \[[@CR40]\].

Other imaging techniques {#Sec5}
------------------------

In the past few decades, the radiological arsenal has increased dramatically, and with the widespread availability of computed tomography (CT) and magnetic resonance imaging (MRI), this specialty has evolved significantly.

There is an increasing use of CT in first line trauma triage, where the 'entry through the gantry' is becoming more and more a reality \[[@CR17], [@CR73]\]. There is ample evidence that CT outperforms conventional radiology in, e.g. the detection of rib fractures \[[@CR70]\]. In a retrospective study of 45 paediatric trauma patients, 18 of 45 patients had findings only at CT, including two patients with rib fractures \[[@CR56]\]. An additional advantage of CT is the capability of obtaining 3D images, which can give more information (Fig. [2a, b](#Fig2){ref-type="fig"}). Given the relatively high radiation dose involved in computed tomography (an abdominal CT scan has a reported effective radiation dose of up to 10 mSv; for comparison, the radiation dose of a single chest radiograph is approximately 0.1 mSv) and the fact that CML will go undetected, its use in child abuse cases will be restricted to those critically ill children who might need (neuro)surgical intervention. CT should not be used as a replacement of conventional radiography; even in cases where CT has been performed during trauma evaluation, a full skeletal survey should be performed. Fig. 2**a** Chest radiograph in a 3-year-old girl, victim of inflicted traumatic brain injury, who was admitted to the hospital in a comatose situation. A consolidating posterior rib fracture is shown (*arrow*). **b** Three-dimensional reconstruction of the chest CT (*shaded surface display*) clearly demonstrates the posterior rib fracture on the right side (*arrow*)

For an increasing number of clinical indications, bone scintigraphy is being replaced by whole body short tau inverse recovery MRI (WB-STIR) \[[@CR27], [@CR46]\]. This work has attracted attention to radiologists involved in the field of child abuse. In a study comparing the conventional skeletal survey to WB-STIR in 16 children (age range, 1.5--37 months), a sensitivity of 75% (33/44) for rib fractures and 67% (2/3) for metaphyseal corner fractures was found \[[@CR15]\]. In a recent study by Perez-Rossello et al. \[[@CR52]\], WB-STIR had a low sensitivity for CML (31%) and rib fractures (57%). Given these findings, the use of WB-STIR should not routinely be performed.

For the completeness of this overview of techniques, the use of ultrasonography and fluorine-18 sodium fluoride positron emission tomography should be mentioned. These techniques, on a case-by-case basis, have been reported but are not validated and should not be used in a routine work-up \[[@CR14], [@CR41], [@CR49], [@CR58]\].

Fractures {#Sec6}
=========

Differentiating between fractures resulting from accidental trauma or child abuse is, in most cases, only possible with knowledge of the full clinical history and in cooperation with attending clinicians. However, a list of specificity of fractures for child abuse has been published in the renowned textbook 'Diagnostic imaging of child abuse' edited by Kleinman (Table [2](#Tab2){ref-type="table"}) \[[@CR28]\]. Table [2](#Tab2){ref-type="table"} should be seen as a guideline, but it is important to remember that no fracture in itself is pathognomonic for child abuse (Fig. [3](#Fig3){ref-type="fig"}). In case of a fracture, with a high specificity of abuse, a differential diagnosis should always be considered. It is important that the fracture type matches the clinical history and developmental stage of the child. Table 2Specificity of radiologic findings child abuse \[[@CR28]\] Type and location of fractureHigh specificityClassic metaphyseal lesionsRib fractures, especially posteriorScapular fracturesSpinous process fracturesSternal fracturesModerate specificityMultiple fractures, especially bilateralFractures of different agesEpiphyseal separationsVertebral body fractures and subluxationsDigital fracturesComplex skull fracturesCommon but low specificitySubperiosteal new bone formationClavicular fracturesLong bone shaft fracturesLinear skull fracturesFig. 3Rib fractures in a 10-week-old neonate. As the child has been admitted to the ward directly after birth;, child abuse was considered to be impossible. The fractures (see *insert*) were the result of osteopenia of prematurity

Two fractures, most indicative of child abuse, will be discussed in more detail.

Rib fractures {#Sec7}
-------------

Rib fractures are generally seen as the hallmark of child abuse, especially in cases of inflicted traumatic brain injury. It is not uncommon that rib fractures are found incidentally as may be clinically silent (Fig. [1b](#Fig1){ref-type="fig"}) \[[@CR10], [@CR61]\]. The most common mechanism seen in case of rib fractures is anterior--posterior compression of the chest \[[@CR31], [@CR72]\]. In this situation, excessive leverage of the ribs over the transverse processes can lead to posterior rib fractures.

In a retrospective study, Barsness et al. \[[@CR4]\] assessed the positive predictive value (PPV) of rib fractures in relation to child abuse. In total, 316 rib fractures were identified in 62 children; in 51 (82%), the fractures were due to abuse. In children \<3 years of age, the PPV of rib fractures for abuse was 95%. Their study also showed that in child abuse cases, multiple rib fractures are more likely to be seen; posterior and lateral rib fractures (78%) were most prevalent, and 29% of the cases were the only skeletal finding.

Although rib fractures have a high specificity for abuse, they have been described in other scenarios. Posterior rib fractures, although rare and only in cases of difficult labour or large babies, have been reported after vaginal delivery \[[@CR68]\]. Rib fractures are well described in metabolic bone disease of prematurity or other metabolic disorders and skeletal dysplasias \[[@CR16], [@CR59]\]. In these cases, rib fractures are seldom the only abnormal finding; family history, physical examination or the skeletal survey show indications for an underlying disorder or, e.g. vitamin D deficiency.

More controversially is the issue of rib fractures as a result of cardiopulmonary resuscitation (CPR), an issue often addressed by defence lawyers in court. Until recently, rib fractures were not thought to occur as a result of resuscitation \[[@CR44], [@CR60]\]. However, with the introduction of two handed infant encircling CPR, in which the hand position resembles the way perpetrators hold their children when they are reportedly shaken, it is becoming a relevant issue \[[@CR1]\]. Several cases of anterior--lateral acute rib fractures as a result of resuscitation have been published (Fig. [4](#Fig4){ref-type="fig"}) \[[@CR5], [@CR13], [@CR45], [@CR69]\]. In all publications, the authors stress the fact that this is an extremely rare finding and that child abuse should be ruled out in all cases. Perhaps, even more important is the fact that even in cases in which rib fractures have been described as a result of CPR, no posterior rib fractures were seen. Fig. 4Anterior rib fracture after CPR in an 8-week-old girl. Note that the fracture is located antero-lateral (see *insert*)

Metaphyseal corner fractures {#Sec8}
----------------------------

Next to rib fractures, the CML, first described by the paediatric radiologist John Caffey in 1957, is a highly specific finding for abuse \[[@CR8], [@CR30]\]. These fractures are also known as corner or bucket handle fractures. CMLs are most often found in the distal femur, proximal and distal tibia/fibula and proximal humerus (Fig. [5a, b](#Fig5){ref-type="fig"}) \[[@CR31]\]. On imaging, the appearance of CML varies depending on the size of the fragment and the position of the extremity in relation to the X-ray beam \[[@CR29]\]. The mechanism of injury for the CML involves a shearing force in manual assaults; the extremities may undergo substantial torsion and traction leading to a CML. Healing of CML is variable. If the CML is associated with significant displacement and periosteal stripping, there may be conspicuous sclerosis and subperiosteal new bone formation. However, most CML heal without radiographic findings. Fig. 5**a** Metaphyseal corner fracture in an 8-month-old child, who died as a result of blunt abdominal trauma. **b** At autopsy the femur was excised and imaged using a mammography system. The radiograph shows the metaphyseal corner fracture at the mediodorsal aspect of the distal right femur

Since no single fracture is pathognomonic for child abuse, there is a case for differential diagnosis for CML. CML have been described as an iatrogenic trauma after delivery and orthopaedic interventions for clubfeet \[[@CR8], [@CR18], [@CR50]\]. In addition, metabolic bone diseases, e.g. rickets, and bone dysplasias, especially Schmid-type metaphyseal chondrodysplasia (OMIM no. 156500) and spondylometaphyseal dysplasia corner fracture type (OMIM no. 184255), can have metaphyseal changes similar to the CML.

Dating fractures {#Sec9}
----------------

Radiological dating of fractures in the context of child protection, whether in a medical or in a forensic setting is possible to a certain extent but it certainly no exact science. Table [3](#Tab3){ref-type="table"} shows the radiological key findings most consistently agreed upon by radiologists \[[@CR12], [@CR25], [@CR28], [@CR74]\]. Table 3Radiological fracture dating \[[@CR12], [@CR25], [@CR28], [@CR74]\]Radiological finding^a^TimingPeriosteal reactionMinimum 1 weekHard callus^b^Minimum 2--3 weeks, peak 3--6 weeksSigns of remodellingMinimum 8 weeks^a^Except fractures of the skull and classical metaphyseal lesions^b^The peak can be seen after 6 weeks as well

The issue of fracture dating was addressed in a meta-analysis of 1.556 papers, which were reviewed systematically by a large (and varying) group of specialists \[[@CR54]\]. After application of exclusion criteria, only three studies, with combined data on 189 children, could be included. Based on this meta-analysis, the authors concluded that fracture dating in children is not an exact science, but that radiologists should be able to differentiate recent from old fractures.

We, as authors, feel that although estimation of fracture age should be approached with caution, experienced paediatric radiologists should be able to make informed judgments whether or not fractures (excluding skull, spine fractures and some CML) are in a healing phase. Healing can usually be judged as early or mature, and when multiple fractures are present, it is often possible to state if the fractures are of similar or different ages.

Differential diagnosis {#Sec10}
----------------------

As children grow up, they discover the world and accidents leading to fractures are therefore a common finding \[[@CR43]\]. As a result of these accidents, long bone shaft fractures are the most common fractures in the emergency department. The older the child, the more likely this fracture is caused by an accidental trauma. In non-ambulatory infants, however, the same fractures are cause for concern. As the saying goes: 'those who don't cruise, don't bruise' \[[@CR63]\].

In case of a paediatric fracture, a differential diagnosis should always be kept in mind, including child abuse. As mentioned in the introduction, about 10% of the paediatric ED visits is a result of child abuse \[[@CR22]\]. It is known that this diagnosis is frequently missed by the treating physician due to an incomplete clinical work-up, both with respect to the physical exam as well as the anamnesis \[[@CR55], [@CR64]\]. Next to accidental trauma, the treating physician should think of child abuse, disorders related to collagen production, bone mineralisation and other diseases leading to an increased risk in bone fragility (Table [4](#Tab4){ref-type="table"}). As mentioned previously, there are also diseases that may mimic fractures, such as skeletal dysplasias and also more common diseases such as osteomyelitis (Fig. [6](#Fig6){ref-type="fig"}) or sickle cell disease. Finally, especially for radiologists with a limited experience in paediatric radiology, normal variants, such as metaphyseal step-off's, metaphyseal spurs and physiological subperiosteal new bone formation, may present as a diagnostic dilemma (Fig. [7](#Fig7){ref-type="fig"}). The interested reader is referred to textbooks for an in-depth discussion on the differential diagnosis of paediatric fractures \[[@CR6]\]. Table 4Differential diagnosis in disease-related fracturesHereditary collagen disordersOsteogenesis imperfectaMenkes syndromeOsteogenesis imperfecta with congenital jointcontractures (Bruck syndrome)Copper deficiencyGenetic defects in bone mineralisationOsteopetrosisAll forms of hypophosphataemic ricketsSyndromatic hepatic ductular hypoplasia (Alagille syndrome)Secondary mineralisation disordersNeuromuscular disordersNutritional ricketsCerebral palsyMalabsorptionMetabolic bone disorders of prematurityOther at risk disordersMuscular dystrophySpina bifidaFig. 6Two-week-old girl with a swollen knee; initially, the radiological findings were reported to be consistent with a CML. However, as she also had a slight fever and increased infection parameters, the diagnosis was reversed to osteomyelitis. The radiographic abnormalities improved quickly after the start of antibiotic therapyFig. 7Radiograph of the distal right femur of a deceased 7-week-old girl, victim of inflicted traumatic brain injury, shows a metaphyseal spur (*arrow*) and subperiosteal new bone formation (*arrowhead*). Both are physiological findings at this age, which not seldomly are incorrectly interpreted as a pathological finding, i.e. metaphyseal corner fracture and a healing fracture

Discussion {#Sec11}
==========

Imaging child abuse is both clinically and emotionally difficult for those involved; this is one field in which an error in judgement in either way will have a detrimental effect on the overall health of the child and social system in which the child lives. That and the increasing public attention make it, in some countries, more and more difficult to find experts who are willing to be involved in this field.

Radiologists play an important if not vital role in the diagnosis of child abuse. In order to fulfil this role, several criteria must be met; first of all, the paediatric radiologist should be adequately trained in this field. In this light, it is of interest to note that the American Board of Pediatrics in 2005 established certification for child abuse paediatricians; for radiologists, such a certification does not exist \[[@CR7]\]. Second, we feel that paediatric radiologists should be seen as equal partners to paediatricians involved in child abuse, similar to the development in radiology in general. Third, if at all possible paediatric radiologists should become involved in their hospital's child abuse team, although this can be time consuming, their input will (as the first author can tell from personal experience) be highly appreciated. Finally, paediatric radiologists should set the standard in imaging child abuse and adhere to existing guidelines. Although the guidelines of the ACR and RCR and RCPCH are available online for free, adherence to these guidelines has shown to be poor \[[@CR33], [@CR51], [@CR67]\]. In interpreting the results from these studies (especially European studies), it is of importance to note that paediatric radiology in general is a small subspecialty in radiology and that not all radiologists have been trained in paediatric radiology. Therefore, involvement of paediatricians in imaging of child abuse might have a positive influence on the adherence to these guidelines. In our country, as is the case in many European countries, most hospitals do not have direct access to a paediatric radiologist. We recommend that in case of suspected child abuse, the skeletal survey should be reviewed by a trained paediatric radiologist or a radiologist with experience in paediatric musculoskeletal imaging before a final conclusion is reported to parents or child protection services.

As in all clinical differential diagnoses, but perhaps even more important in child abuse cases, liaisons with paediatricians in order to obtain additional clinical information or even better having joint review of radiological studies will improve diagnostic accuracy. The diagnosis of child abuse is never solely based on radiological imaging but on a combination of clinical, investigative and social findings.
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